Purpose. The biological responses to mesh in vivo have been evaluated in some papers, but the in vivo condition of mesh and plugs have not been suffi ciently evaluated. This study evaluated the endoscopic observations and histological assessments of mesh plugs using swine models.
Introduction
The technique of tension-free hernioplasty is generalized, and polypropylene mesh is widely used throughout the world. [1] [2] [3] [4] [5] There are several techniques for tensionfree hernioplasty, including anterior or posterior approaches, various styles and sizes of meshes, and open or endoscopic surgery, and the merits and drawbacks of each technique have been evaluated. One of the drawbacks is the risk of chronic pain after hernia repair. Although chronic pain after hernia repair with mesh occurs less than after nonmesh repair, chronic pain and recurrence is also thought to have some relationship with migration of the mesh. 6 There are reports of the condition of sheet mesh in a living body. No study has evaluated the in vivo condition of mesh plugs, which are currently used most frequently in Japan. The aim of this study was to conduct an endoscopic evaluation of mesh plugs in vivo and a histological assessment of surrounding tissues.
Artifi cial abdominal hernias were established in porcine abdomen, and hernioplasty was performed using Perfi x, a conventional mesh plug, or Proloop, a new product. The in vivo condition of the plugs was observed from the peritoneal side with a laparoscope, and histological assessments of the plugs were performed after 3 months.
Materials and Methods

Animals and Surgery
Ten pigs, ranging in age from 2 to 3 months old (Landrace strain), were used in this study. The body weights of the animals were about 25 kg. All animals were placed under general anesthesia. Ketamine was injected intramuscularly, and after adequate sedation endotracheal in tubation was performed. Whole body control was Fig. 1 . An artifi cial hernia was made in four positions (white circles) on the porcine abdominal wall, and mesh plugs were inserted (photo on right). The laparoscope was inserted from the upper abdomen. Left panel demonstrates that the plug was fi xed by four-point fi xation and the onlay mesh was laid to cover the whole hernia orifi ce performed under inhalation anesthesia. Anesthesia was induced with 3-4 mg ketamine, while halothane, an inhalation anesthetic, was used for anesthesia maintenance.
An artifi cial hernia was created in four positions on the porcine abdominal wall (Fig. 1) by the removal of round section of abdominal fascia, 2 cm in diameter. The mesh plug was inserted in the external peritoneal cavity so as not to damage the peritoneum, and the plug was fi xed to the fascia by four-point fi xation with absorbable sutures. Next, the onlay mesh was laid to cover the whole hernial orifi ce as well as the plug and was fi xed by four-point fi xation with absorbable sutures. The superfi cial fascia was closed by sutures, and the skin was closed with absorbable sutures. The wounded skin surface was protected by spraying with Nobecutane L (Mitsubishi Tanabe Pharma, Osaka, Japan). All animals were anesthetized as described above for the periodic observation by laparoscopy.
The animals were euthanized after 3 months by KCl injection under anesthesia, and tissue samples including the mesh plugs were resected and fi xed with 10% formaldehyde. All experiments were conducted in accordance with the guidelines for Animal Experiments at Okayama University.
Materials
The mesh plugs used for this study were of small (S) size (n = 6), medium (M) size (n = 6), and large (L) size (n = 6) Perfi x (Bard, Murray Hill, NJ, USA) and S-size (n = 6), M-size (n = 6), and L-size (n = 6) Proloop (St. Jude Medical, Minnetonka, MN, USA). Both Perfi x and Proloop are made of only polypropylene. The shapes of the mesh plugs vary. Perfi x has a bundle-like shape with a folded sheet. On the Proloop plug the polypropylene fi laments are individually oriented to the outside of the spiral core (Fig. 2) .
The Proloop plug also contained less polypropylene. The weight of the L-size plug of Proloop was 0.8266 g, about 82% of that of the L-size plug of Perfi x (1.01 g), and the weight of the onlay mesh of Proloop was 0.176 g, about 52% of that of Perfi x (0.3356 g). The polypropylene fi laments of Proloop and Perfi x were the same size, with a diameter of 0.15 mm.
Endoscopic Assessment
The in vivo condition of the plugs was observed from the abdominal cavity by laparoscopy on the day of surgery and 1, 2, and 3 months after implantation, in order to measure the plug angle, vertical diameter, and horizontal diameter. The plug angle was defi ned as the angle between the perpendicular line and the line of the plug apex from the midpoint, thus representing the degree of inclination of the vertically implanted plug (Fig. 3) . The vertical diameter was defi ned as the length from the center of the line alongside the peritoneum to the plug apex. The horizontal diameter was defi ned as the length of the perpendicular line from the center of the vertical diameter (Fig. 4) .
fold magnifi cation were defi ned as a dense area, and those with only one fi lament were defi ned as a loose area. The thickness of granulation around the fi laments was measured at the perpendicular cross sections in both the dense and loose area of the same samples.
Statistics
Statistical analysis was carried out using the StatView Version 5.0 software package (SAS Institute, Cary, NC, USA). All functional and morphological results were compared by an analysis of variance and independent t-tests. Analyses of the categorical data were done using the χ 2 test. P values of less than 0.05 were considered to be signifi cant.
Results
Endoscopic Assessment
The vertical and horizontal diameters, plug angles, and in vivo conditions were measured by endoscopic observation (Fig. 5) . The in vivo conditions at 3 months after implantation were 4 cases of toppled cone (22%) and 6 cases of inclined cone (33%) out of 18 cases with Perfi x, and no cases of toppled or inclined cone with Proloop, with signifi cant differences between Perfi x and Proloop (Table 1 ; P < 0.01). In addition, there were four remarkable accessory fi ndings. The in vivo condition of the mesh plugs of Proloop and Perfi x were classifi ed using the endoscopic classification described in Fig. 5 . The in vivo conditions were classifi ed into three categories defi ned as a normal cone (plug angle: < 30°), inclined cone (plug angle: 30°-39°), and toppled cone (plug angle: > 39°). Moreover, additional fi ndings, such as a moving cone, red spot, adhesion, infection, and lost or migrated, were recorded.
Histological Assessments
The biological responses to the mesh plugs were assessed by counting the infl ammatory cells, including neutrophils, lymphocytes, eosinophils, megakaryocytes, and macrophages at the margin and inside of the plugs. The resected tissues were stained with hematoxylin-eosin Masson's trichrome stain, and the number of infl ammatory cells was counted in two random higher-power fi elds for each sample. The thickness of the granulation around the polypropylene fi laments was also measured. The density of the fi laments differs in different areas of the plugs, so the density of fi laments was separately evaluated in two different areas. The areas where three or more fi laments were observed in same fi eld at 100- A, B) . However, the S-size was not inclined in either of the plugs (C). N.S., not signifi cant adhered to the intraperitoneal tissues. As expected, there was no case of migration or a lost cone in this study. The rates of the accessory fi ndings were similar between the two plugs ( Table 1) . The average angles of the L-and M-size Perfi x were more than 30° after 3 months and signifi cantly greater in comparison to those of Proloop. There were no signifi cant differences between the S-size of Perfi x and Proloop, and the angles were less than 10° (Fig. 6) .
The vertical/horizontal (V/H) ratio of the Perfi x plugs increased within 1 month after implantation and did not change between 1 and 3 months (Fig. 7) . The V/H ratio increased because the vertical diameter was not changed over 3 months, whereas the horizontal diameter of plugs was reduced. Proloop showed no changes in the V/H ratio during the time frame of this study. This result suggested that the horizontal diameter was reduced to the same extent as the vertical diameter of Proloop, which was reduced.
Histological Evaluation
The thickness of granulation on the periphery of the polypropylene fi laments was measured at both dense and loose areas of the fi laments. The thicknesses of the granulation in the loose area of Proloop and Prefi x were 11.2 ± 4.5 μm and 11.2 ± 4.3 μm, respectively. Those in the dense area of Proloop and Prefi x were 20.1 ± 9.8 μm and 19.1 ± 9.4 μm, respectively. The granulation was thicker in dense areas in both plugs (P < 0.1), but there was no difference between Proloop and Perfi x ( Table 2) .
The average infl ammatory cell counts inside of the Proloop and Perfi x plugs were 18.9 ± 12.1 and 25.1 ± 16.6, respectively. The cell count was signifi cantly lower in the cases with Proloop in comparison with those in the cases with Perfi x (P < 0.01). The mean infl ammatory cell counts on the periphery of the Proloop and Perfi x plugs were 51.9 ± 52.3 and 52.1 ± 49.7, respectively, and there was no difference between the two plugs ( Table  3) . The infl ammatory cell counts in normal cones and other cones of the Perfi x group were evaluated to confi rm the correlation between infl ammatory responses and unstable conditions. The infl ammatory cell counts The thickness of granulation was evaluated in a dense area, where three or more fi laments were observed in same fi eld with 100-fold magnifi cation, and a loose area, where only one fi lament was observed in same fi eld The cell counts were calculated in two separate positions for each plug inside of the plugs were 20.4 ± 12.4 and 26.7 ± 20.6 in normal cones and others, respectively. Those in the peripheral area of the plugs were 51.0 ± 46.1 and 54.8 ± 66.2 in normal and others, respectively. The infl ammatory cells were slightly increased in the inclined or toppled cones as compared with the normal cones, but differences were not signifi cant (P = 0.088).
Discussion
The history of hernia surgery reveals slow evolutions from the Bassini two-layered suture to the Lichtenstein and the mesh plug procedures as a result of the development of the biocompatible prosthesis. 4 The increasing use of different types of reinforcement mesh in groin hernia repair is not a transient trend. A lightweight mesh is frequently employed because lightweight mesh contains less polypropylene and is thought to reduce biological responses, reducing the incidence of chronic pain.7-9 Theoretically, a low-density mesh would optimize the foreign-body reaction by reducing the mass of the material used and diminishing its contact surface with the host tissue. 10 However, a recent report insisted that lower weight does not reduce the biological response.11 Although the correlation between the biological response and the weight of the meshes is uncertain, light weights are used more frequently in practice. In addition, lightweight mesh plugs have been introduced. However, few papers have so far addressed the mesh plugs used for hernia repair, probably because it is diffi cult to evaluate the in vivo conditions and also make a histological assessment of these mesh plugs. The current study evaluated the condition of mesh plugs several months after operation in a living body. Endoscopic evaluation of the in vivo conditions revealed that the Proloop plugs were less prone to be inverted and were more stable in comparison with those of Perfi x, especially with larger plugs. Many of the L-size and M-size Perfi x were plugs unstable and inclined, while the plugs of all sizes of Proloop remained stably implanted. The Perfi x plugs were narrowed and inverted, or toppled more often than those of Proloop. These results suggest that L-and M-size Perfi x mesh plugs become unstable because they are too large to fi t a 2-cm diameter hernia orifi ce, or that the model of this study using porcine abdomen is different from the human groin hernia. However, every plug had been immediately observed after operation by laparoscopy to confi rm the fi xation and shape. These results may be due to the difference in plug structure; in particular, the shape of Proloop with a spiral core might have superior vertical elasticity. The changes in the V/H ratio and vertical diameter suggested that the horizontal diameter of Perfi x plugs may have been reduced during from 0 to 1 month after implantation. The Proloop plugs shrank both horizontally and vertically to the same extent. The unbalanced shrinkage of plugs may cause instability of Perfi x. The accessory fi ndings, including moving cone, red spot, infection, and adhesion of plugs could suggest a biological reaction toward foreign bodies. However, the accessory fi ndings showed no signifi cant differences, probably because both plugs are composed of the same compound.
Chronic pain after mesh plug hernioplasty has caused persistent questions about the biocompatibility of prosthesis. [12] [13] [14] [15] Persistent pain is thought to be related to the infl ammatory responses to the presence of foreign materials in the living body. Therefore, the current study also the assessed biological responses to the implanted plugs. These responses were evaluated by assessing the number of infl ammatory cells and fi broblasts, and the thickness of granulation formed around the fi laments. There was no difference in the granulation between two plugs, because the plugs used in this study, Proloop and Perfi x, contain fi laments composed of the same materials and same size. However, the thickness of granulation was greater in the dense area than that in the loose mesh area in the same plugs. This result is consistent with a report showing that the thickness of granulation around polypropylene fi laments was greater where fi laments were tight. 16 By contrast, the infl ammatory cell counts inside the plug were signifi cantly lower in Proloop than in Perfi x. This reduction of local infl ammatory responses may correlate with the reduction in the weight of plugs. 5, 10, [17] [18] [19] The weight of the L-size plug mesh of Proloop was about 82% of the L-size plug mesh of Perfi x. One of the aims of the spiral structure of Proloop is to reduce the weight of plug, and the current results proved its benefi t. Furthermore, the infl ammatory reaction may affect the plugs' shape and shrinkage and may cause unstable implantation. The difference in the structures of Proloop and Perfi x plugs is also correlated with the infl ammatory responses. The plugs of Perfi x are made of bundled sheets of polypropylene fi laments and the density of the fi laments is higher at the outer frame of the plugs, which is the opposite of Proloop. Such structures in Perfi x might cause rigidity and persistent foreign-body irritation.
Inclined and inverted plugs were found among the Perfi x plugs, while Proloop plugs remained stably implanted in all cases for 3 months after implantation. The unstable condition of Perfi x is considered to be due to the shape of the mesh plug, which may also be related to the signifi cant increase of infection cells inside the plugs. This study suggests reduction of the size/mass of the foreign body implanted with the use of Proloop could reduce granulation and infl ammatory cell migration and that its unique shape could guarantee stable implantation, which might reduce chronic pain. These fi ndings indicate that Proloop plugs are superior, especially the medium and large sizes.
Finally, several different types of mesh have been proposed but without suffi cient evaluation. Animal models and laparoscopic observation should continue to be useful in evaluating the changes in artifi cial meshes in a living body.
